We propose and demonstrate a scheme for controlling the electron localization in the dissociating H 2 + in highly excited states. The control is achieved through two steps: the excitation and the coupling of the electronic wavepackets. Firstly, the excitation is triggered by an ultraviolet laser pulse with a critical wavelength, in which the wavepackets can be launched to the highly excited state ( σ 2s g ) efficiently from the ground state ( σ 1s g ). Then, we utilize a second time-delayed ultraviolet laser pulse to manipulate the population of the degenerate state ( σ 3p u ) around the one-photon coupling region. Our results show that, by adjusting the time delay between the two pulses and the carrier-envelope phase of the second pulse, the control of electron localization of H 2 + in highly excited states can be achieved.
Introduction
In order to create and/or break the desired chemical bonds, many efforts have been made to control the electron localization in dissociating molecules [1] [2] [3] [4] [5] [6] [7] [8] . H 2 + and its isotopes, as the simplest molecule ions, are ideal candidates for theoretical and experimental studies. The electron localization in the dissociation of H 2 + exposed to short, intense laser fields has been extensively studied, and several control strategies have been proposed [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . It has been demonstrated that the electron can be localized to a specific nucleus by using a carrier-envelope phase (CEP) stabilized few cycle pulse [9] [10] [11] [12] or a two-color laser field [16] [17] [18] [19] [20] [21] . The physical mechanism responsible for the electron localization was broadly interpreted as the quantum interference of the σ 1s g and σ 2p u states [22, 23] . In 2012, He [17] proposed that the electron localization in dissociating H 2 + is not always due to the superposition of the two lowest-lying states. It can be induced by the couple of the π 2p g and π 2p u states. By using orthogonally polarized two-color sequential laser pulses, the control of the electron localization in the π orbits is demonstrated [17] . In this work, however, the dissociation probability is quite low and the time-delayed 800 nm infrared laser pulse is unable to couple the π 2p g and π 2p u states. Recently, several works [24] [25] [26] [27] [28] show that the highly excited states play roles in the molecular fragmentation processes, suggesting that the dissociation through highly excited electronic states is of vital importance in laser-molecular interactions. Therefore, the control of the electron localization in the highly excited states is becoming a subject of interest [17, 20, 26] . In this paper, we propose a scheme to control the electron localization of H 2 + in the σ 2s g and σ 3p u states. Two sequential ultraviolet (UV) pulses are utilized in our scheme. The first 134 nm UV pulse excites the electronic wavepackets from the σ 1s g to the σ 2s g through two-photon excitation. The second 400 nm UV pulse, which arrives after a proper time delay, manipulates the electronic transfers between the σ 2s g and σ 3p u states in the one-photon coupling region of the two states. After the pulses are off, the quantum interference of wavepackets in the σ 2s g and σ 3p u states results in the asymmetric electron localization. By adjusting the time delay between the two UV pulses or the CEP of the second pulse at an appropriate time delay, the control over the electron localization in highly excited states can be achieved.
Theoretical model
In numerical simulations, we have solved the time-dependent Schrödinger equation (TDSE) without using the BornOppenheimer (BO) approximation for a reduced-dimensionality model of H 2 + [29] . The model reproduces experimental results at least qualitatively [29, 30] and has been widely used to study the molecular fragmentation in strong fields [8, 12, 28] . This type of model consists of one-dimensional motion of the nuclei and one-dimensional motion of the electron. It has been shown that the exact σ 1s g potential curve can be reproduced in this model by choosing the modified soft-core parameters [29] , while the potential curves of the excited states deviate slightly from the three-dimensional model. This may affect the positions of crossings of the ω n Floquet channels [31] . However, it should be emphasized that the essential of control scheme in the present study and the responsible physical mechanism are independent on the simulation models.
In the simulation, we assumed that the electronic and nuclear motion are restricted along the polarization direction of the linearly polarization laser pulse which is parallel to the molecular axis. In this case, the coupling strength between the σ 1s g and σ 2p u states is the strongest. Then, the TDSE can be written as (Hartree atomic units are used throughout unless otherwise indicated) 
where α R ( ) is the modified soft-core parameter [29] . The electric potential including the laser-molecular interaction reads (in the dipole approximation and length gauge) being the electric field of the pulses. Here, Δt is the time delay between the two pulses, the subscript (1, 2) means the two laser-pulse components. E, τ, and ω are the peak electric field amplitude, pulse duration, and angular frequency, respectively. ϕ denotes the CEP of the laser pulse. The laser parameters Δt and ϕ are variable in our scheme.
We have solved equation (1) on a grid using the CrankNicholson method [32] with a time step of δ = t 0.1 a.u.. The ground state of H 2 + (electronic σ 1s g state and υ = 0 state) is chosen to be the initial state of the system and is obtained by propagating the field-free Schrödinger equation in imaginary time. In the simulation, the wave function is discrete on a twodimensional grid, which ranges in the R direction from 0.05 to 40 a.u. and in the z direction from −100 to 100 a.u. with 800 and 1000 points, respectively. The outgoing parts of the wave function have been absorbed at the boundaries by using the cos 1 6 -masking functions but stored as dissociation and ionization, respectively. The time-dependent probabilities of the wavepacket localized on the left (P l (t)) or right (P r (t)) nucleus can be estimated by integrating the corresponding regions of the grid as follows: where R max (z max ) is the boundary of R (z). The evolution of the wave function in the external field has been continued until P t ( ) l,r are converged after the pulse is off. The asymmetry of the final electron localization probability is defined as
l end r end l end r end with t end as the time when the probabilities P t ( ) l,r become stable in our simulations.
In order to gain insight into the interaction, we have calculated the time-dependent probabilities of the lowest four electronic states of H 2 + . Firstly, the wave function of the ith electronic state can be obtained by projecting the wave function to the electronic bound state u z R ( ; )
( ; , ) ( ; ) ( ; ).
i
Here, i equals to 0, 1, 2, 3 and corresponds to the σ 1s g , σ 2p u , σ 2s g , and σ 3p u states, respectively. The term u z R ( ; ) i in equation (7) is the ith electronic bound wave function of H 2 + at fixed internuclear distance, which can be obtained by solving the one-dimensional field-free Schrödinger equation in the imaginary time for H 2 + in the BO approximation. Then, the probability of the ith electronic state can be estimated by the
Since the excited states of H 2 + are dissociative, Q i (t) ( ⩾ i 1) can be considered as the dissociation probability of the corresponding excited state. For the σ 1s g state, however,
includes the probability of the bound nuclear wavepackets. Therefore, we calculate the temporary dissociation probability of the σ 
Results and discussions
The control scheme is illustrated in figure 1 . The intensities of the two pulses are both chosen as 3 × 10 13 W cm −2 . The pulse durations of the two pulses are 2 and 4 fs, respectively. Firstly, we use a 134 nm UV laser pulse to resonantly excite the wavepackets to the σ 2s g state from the σ 1s g state. Then, a time-delayed 400 nm laser pulse is used to manipulate the population of the σ 3p u state around the one-photon coupling region (BO region). The quantum interference of the σ 2s g and σ 3p u states will result in the asymmetric electron localization. To demonstrate our scheme, we first consider the excitation induced by the first pulse alone. We aim to drive the wavepackets to the σ 2s g state from the σ 1s g state with the first pulse. Since both the σ 1s g and σ 2s g are gerade states, the most promising pathway for the population transfer is the twophoton excitation. Interestingly, at the critical internuclear distance of R = 2.25 a.u. where the energy gap between the σ 1s g and σ 2p u states is equal to that between the σ 2p u and σ 2s g states, the resonant enhancement effect occurs [33] . The corresponding pulse wavelength of the energy gap is 134 nm in our simulation model. We have tested that, in the threedimensional model of H 2 + , the resonant excitation occurs at ≈ R 2.35 a.u., where the energy gap corresponds to a pulse with the wavelength of 134 nm as well. In figure 2 , we present the probabilities of the σ 2p u and σ 2s g states in the interaction driven by the 134 nm field only. The red (blue) solid curve indicates the dissociation probability of the σ 2s g ( σ 2p u ) state. Obviously, the probability of the σ 2s g state is about three times higher than that of the σ 2p u state, indicating that the wavepackets are efficiently excited to the σ 2s g state by the 134 nm pulse. Here, as mentioned in section 2, the coupling . The dashed curves indicate the envelopes of the two pulses. The durations of the two pulses are 2 and 4 fs, respectively. Here, Δ = t 9.3 fs, ϕ π = 0 . In our scheme, the parameters Δt and ϕ are variable. Figure 2 . The time evolution of the probabilities of the σ 2p u (blue solid curve) and σ 2s g (red solid curve) states in the 134 nm pulse. The intensity and pule duration of the laser pulse are 3 × 10 13 W cm −2 and 2 fs, respectively. strength between the two lowest electronic states is the strongest because the laser polarization is parallel to the molecular axis. If the laser polarization axis is perpendicular to the molecular axis, however, the coupling strength between the two lowest states becomes weak. This will weaken the resonant enhancement effect significantly. In this case, the wavepackets are inclined to be pumped to π orbitals [20] . We next demonstrate the control over the electron localization in the two-UV scheme. In figure 3(a) , we present the asymmetry A as a function of time delay Δt at fixed ϕ = 0. The result shows that around Δ = t 9 fs, an obvious asymmetry can be obtained. When Δ < t 3 fs or Δ > t 12 fs, the asymmetry A is close to zero. Then, we fix Δ = t 9.3 fs and show the dependence of the asymmetry A on the CEP of 400 nm pulse in figure 3(b) . It is found that the electron localization depends sensitively on the CEP. Therefore, the control of electron localization on a specific nucleus can be achieved by changing the time delay between the two UV pulses or the CEP of 400 nm pulse at an appropriate time delay.
In order to verify that the asymmetric electron localization in our control scheme is induced by the wavepackets interference between the σ 2s g and σ 3p u states rather than the lowest two states, we present in figure 4 the time evolution of the physical quantities for the interaction. From up to down, the figures depict the time evolution of the electric field, the probabilities of the two lowest-lying states, the probabilities of the σ 2s g and σ 3p u states, and the time-dependent According to the left column of figure 4 , considerable dissociative population is excited to the σ 2p u and σ 2s g states by the first UV pulse, whereas little population dissociates through the σ 1s g and σ 3p u states. Note that the σ 2p u and σ 2s g states are not a pair of degenerate states, the interference between the dissociative wavepackets on these two states will not induce asymmetric electron localization, as shown in figure 4(g) . In the case of the two-UV pulses (the right column of figure 4) , the dissociation of the σ 1s g is still close to zero, but the population is transferred to the σ 3p u from the σ 2s g by the time-delayed pulse. The σ 2s g and σ 3p u states are a pair of degenerate states and, therefore, the asymmetric electron localization is observed, as shown in figure 4(h) .
Based on the analysis above, we illustrate the dissociation process driven by the two-UV field in figure 5 . The potential energy curves of the four lowest states of H 2 + , as well as the dressed potential curves, are shown. Let us first consider the symmetric dissociation induced by the single 134 nm pulse. When the 134 nm pulse is applied, the wavepackets distributed around R = 2.25 a.u. (the crossing of the σ 1s g curve and the σ ω − 2s 2 g 134 dressed curve) is transferred to the σ 2p u by absorbing one photon and then to the σ 2s g by absorbing an additional photon. During the interaction, weak Rabi oscillation between the lowest two states also appears, as shown in the inset figure of figure 4(c) , indicating that the population of the σ 2p u may also be transferred back to the ground state by emitting one photon. After the pulse is off, the population on the σ 2p u and σ 2s g states moves to larger internuclear distance and dissociates. As discussed above, the interference of the wavepackets between these two states will not lead to the asymmetric electron localization. Thus, in this case, the localization probabilities of the electron on the two nuclei are equal. However, if a time-delayed 400 nm pulse is applied, the final electron localization will be different. When the outgoing wavepackets arrive at the 400 nm coupling point between the σ 2s g and σ 3p u (R = 5 a.u.), the population of the σ 2s g will be transferred to the σ 3p u by absorbing one 400 nm photon. Therefore, by varying the time delay or the CEP of the 400 nm pulse, the population on the σ 2s g and σ 3p u can be changed. At the end of the interaction, the interference of the wavepackets between the σ 2s g and σ 3p u will result in the asymmetric electron localization on the nuclei. We note that the population of the σ 2p u can be transferred back to the σ 1s g by emitting one 400 nm photon as well if the 400 nm pulse is applied. But the dissociation probability of the σ 1s g state is still very low, as shown in figure 4(d) , so the interference between the lowest two states contributes little to the asymmetry of the electron localization.
According to the dissociation process described in figure 5 , the dependence of the asymmetry function A on the time delay of the second pulse (shown in figure 3(a) ) can be explained in more details. We present the evolution of the field and the expectation value of the internuclear distance for the two-UV scheme in figure 6 . The laser parameters are the same as those in figure 1 . It can bee seen that, at the time of t = 9.3 fs, the internuclear distance reaches ≈ R 5 a.u., the coupling point between σ 2s g and σ 3p u . When the second pulse arrives at the delay time around t = 9.3 fs, the population of σ 2s g and σ 3p u can be efficiently modified, leading to the most pronounced asymmetry of the electron localization. For the time delay that deviates from this critical time, the asymmetry is reduced and gradually vanishes. Therefore, as shown in figure 3(a) , the maximum asymmetry appears at around t = 9.3 fs and becomes close to zero for Δ < t 3 fs and Δ > t 12 fs. On the other hand, there are also several zeros in the asymmetry function for the time delay Δ < < t 3 12 fs. This can be explained as follows. First of all, the coherent interference of the wavepackets can induce the asymmetric electron localization only if the following two conditions are both satisfied: (i) The wavepackets are populated in the two states of a degenerate pair, and (ii) the wavepackets on the two states share the same final kinetic energy. For Δ < t 3 fs or Δ > t 12 fs, the wavepackets have not arrived at (Δ < t 3 fs) or have passed through (Δ > t 12 fs) the one-photon coupling region when the 400 nm pulse is applied. The wavepackets can not be transferred to the σ 3p u state efficiently from the σ 2s g state. In this case, the condition (i) is not satisfied. Thus, the asymmetry function turns out to be close to zero. For the region of Δ < < t 3 12 fs, the wavepackets on both the σ 2s g and σ 3p u are populated. However, when the time delay is changed, the nuclear kinetic energy distributions of the two states will be modulated. By applying the energy window operator [33] , we have calculated the nuclear kinetic energy distributions of the wavepackets on the σ 2s g and σ 3p u states for two delay times of the second pulse, respectively, as shown in figure 7 . At Δ = t 7.2 fs, a small part of the spectra is overlapped between the two states. Thus, in this case, the asymmetry is close to zero. In contrast, a larger part of the spectra is overlapped at Δ = t 9.3 and, as a result, the pronounced asymmetry can be observed.
Before conclusion, we discuss the influence of the duration of the first UV pulse on the electron localization asymmetry in our scheme. We further perform the simulation for the 134 nm pulse with different pulse durations and otherwise same laser parameters as those in figure 1 . In figures 8(a)-(d) , we present the asymmetry as a function of the CEP of the 400 nm pulse for the 134 nm pulse durations of 2, 1.5, 1, and 0.5 fs, respectively. Strong CEP-dependent asymmetries can still be found for shorter pulse durations. We further show the evolution of the probabilities of the σ 2s g and σ 3p u states (the top row) and the total dissociation probabilities (the bottom row) in figure 9 . From left to right, the pulse durations of the first UV pulse are 2, 1.5, 1, and 0.5 fs, respectively. The CEP of the 400 nm pulse are 0π, 0π, 0.2π, and 0.2π, respectively. The other laser parameters are the same as those in figure 8 . It can be seen that the evolutions of the probability are similar, only with the decreasing of the quantity. These results indicate that the duration of the first UV pulse affects the total dissociation probability but has insignificant effect on the proposed scheme for controlling the electron localization in highly excited states.
Conclusion
In conclusion, we have reported a scheme for steering the electron localization of H 2 + in highly excited states. Two UV laser pulses are involved in our scheme. As the excitation pulse, the first UV laser pulse with a critical wavelength can efficiently excite the wavepackets to the highly excited state σ 2s g from the ground state through a two-photon pathway. On the basis of this, the second UV laser pulse further steers the electronic transfers between the σ 2s g and the degenerate state σ 3p u in the one-photon coupling region. We show, for the first time, the control over the electron localization, resulted from the superposition of the σ 2s g and σ 3p u states, can be realized by adjusting the time delay between the two UV pulses and the CEP of the second pulse. Though our present study is performed for the simple H 2 + system, the control method can be extended to more complicated molecular systems by changing the wavelengths of the UV laser pulses. Figure 9 . The evolution of the probabilities of the σ 2s g and σ 3p u states (top row) and the total dissociation probability (bottom row) for the two-UV field with different pulse durations of the first pulse. From left to right, the pulse durations of the 134 nm pulse are 2, 1.5, 1, and 0.5 fs, respectively. The CEP of the 400 nm pulse are 0π, 0π, 0.2π, and 0.2π, respectively, corresponding to the CEP of the maximum asymmetries obtained in figure 8 . The other laser parameters are the same as those in figure 1 .
